BarA of Streptomyces virginiae is a specific receptor protein for a member of butyrolactone autoregulators which binds to an upstream region of target genes to control transcription, leading to the production of the antibiotic virginiamycin M 1 and S. BarA-binding DNA sequences (BarA-responsive elements [BAREs]), to which BarA binds for transcriptional control, were restricted to 26 to 29-nucleotide (nt) sequences on barA and barB upstream regions by the surface plasmon resonance technique, gel shift assay, and DNase I footprint analysis. Two BAREs (BARE-1 and BARE-2) on the barB upstream region were located 57 to 29 bp (BARE-1) and 268 to 241 bp (BARE-2) upstream from the barB translational start codon. The BARE located on the barA upstream region (BARE-3) was found 101 to 76 bp upstream of the barA start codon. High-resolution S1 nuclease mapping analysis revealed that BARE-1 covered the barB transcription start site and BARE-3 covered an autoregulator-dependent transcription start site of the barA gene. Deletion and mutation analysis of BARE-2 demonstrated that at least a 19-nt sequence was required for sufficient BarA binding, and A or T residues at the edge as well as internal conserved nucleotides were indispensable. The identified binding sequences for autoregulator receptor proteins were found to be highly conserved among Streptomyces species.
Streptomyces virginiae produces two types of antibiotics, virginiamycins M 1 and S, both of which act synergistically as irreversible inhibitors of protein synthesis and show bactericidal activity against gram-positive bacteria (1) . The production of the two antibiotics is induced by nanomolar concentrations of virginiae butanolides (VBs), members of low-molecular-weight Streptomyces hormones called butyrolactone autoregulators (14, 24, 27, 29) . The signal of VBs is transmitted to the cell through binding of VBs to the specific receptor protein butyrolactone autoregulator receptor (BarA) (19) . BarA possesses a helix-turn-helix DNA-binding motif on its amino terminus (5, 11) , and in-frame deletion of the motif in the genome of S. virginiae resulted in a loss-of-function mutant with respect to the VB-dependent induction of virginiamycin production (18) . In vitro experiments confirmed that BarA binds to DNA sequences in the absence of VB and dissociates from DNA by binding with VB (10) , suggesting that the DNA-binding ability is central to the role of BarA as a mediator of the VB signal.
In a previous report (10) , we demonstrated that BarA binds specifically to upstream regions of the barA gene itself and also to the downstream barB gene, which codes for a putative transcriptional regulator deduced from the homology with BarA. The aim of the present study was to localize precisely the target DNA sequences of BarA (BarA-responsive elements [BAREs] ) as well as to evaluate by deletion and mutation analysis the essential nucleotides in BARE. Three identified BAREs were all A-T rich and showed potential for forming a partial palindrome. Deletion and mutation analyses revealed a minimum BARE of 19-nucleotide (nt) sequences with several essential nucleotides for BarA binding.
MATERIALS AND METHODS
Strains, culture media, and cultivation conditions. S. virginiae MAFF10-06014 (National Food Research Institute, Ministry of Agriculture, Forestry and Fisheries, Tsukuba, Japan) was grown at 28°C as described previously (4, 9) . VB-C 6 was added at 8 h of cultivation to a final concentration of 300 nM, comparable to that produced by S. virginiae (VB activity of 32 to 150 U/ml, which is equivalent to 85 to 150 nM VB-A or 425-750 nM VB-C 6 ). For genetic manipulation, Escherichia coli DH5␣ was used. For expression of the barA gene, E. coli BL21(DE3)/pLysS was used as the host. DNA manipulations in E. coli were performed as described by Sambrook et al. (23) .
Chemicals. All chemicals were of reagent or high-performance liquid chromatography grade and were purchased from either Nacali Tesque, Inc. (Osaka, Japan), Takara Shuzo Co. (Shiga, Japan), or Wako Pure Chemical Industrial, Ltd. (Osaka, Japan).
Primer extension. Primer extension analysis was performed as described by Sambrook et al. (23) . Total RNA was isolated by a procedure reported by Hopwood et al. (6) . Quantification of the RNA was performed at an absorbance at 260 nm. The primer 5Ј-GAAGGCGCGTTCCTGTTTGGGTGTCAA-3Ј, which is complementary to nt ϩ27 to ϩ1 relative to the barB start codon, was 5Ј-end labeled with [␥-32 P]ATP and T4 polynucleotide kinase. The unincorporated ATP was separated by using a Primer/Probe purification kit (Advanced Genetic Technologies Co.).
32 P-labeled primer was annealed to S. virginiae RNA. Rous-associated virus 2 reverse transcriptase was used to extend the reverse transcripts starting from the primer. For the sequencing ladder, the 32 P-labeled primer was used with a BcaBEST dideoxy sequencing kit (Takara Shuzo); the StuI fragment shown in Fig. 1 served as the template. The ladder and the RNA primer-extended product were resolved on a 6% polyacrylamide-8 M urea gel. S1 nuclease mapping. Total RNA for S1 nuclease mapping was isolated as described for primer extension experiments. Labeled DNA fragments were produced for the identification of barA transcriptional start sites (TSS). pAR489, which consisted of pUC19 and a 2.8-kbp BamHI fragment containing the barA gene (19) , was digested with endonucleases SphI and KpnI. An isolated fragment was then subcloned in pUC19, which provided the template for the PCR to prepare the labeled fragment, using M13 primer RV-N (Takara Shuzo) and 5Ј [␥-
32 P]ATP-labeled primer 5Ј-GCCCGTTCCTGTCGCACTGC-3Ј; the latter primer is complementary to nt ϩ44 to ϩ25 relative to the barA start codon. The labeled primer was also used for making DNA sequencing ladders. RNA (50 g) was dried with the 32 P-labeled DNA probes (100,000 cpm). Pellets were suspended in 20 l of 3 M sodium trichloroacetate buffer [40 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES), 1 mM EDTA (pH 7.0)]. Tubes were placed in a water bath that was kept at 65°C for 15 min; they were then allowed to cool to 45°C overnight. All subsequent steps were as described by Janssen et al. (8) .
Biosensor assays of protein-DNA interactions. Protein-DNA interaction was measured by the BIAcore system (Pharmacia Biosensor). BIAcore utilizes surface plasmon resonance (SPR), a quantum mechanical phenomenon which detects changes in the refractive index of incident light close to the surface of a thin gold film on a glass support (i.e., sensor chip) (2) . The surface of the sensor chip is covered with a carboxymethylated dextran polymer. One of the reactants is linked either directly or indirectly to this polymer, by means of the specific interaction between biotin and streptavidin, while the other is introduced in flow over the surface. Binding of the soluble ligand to the immobilized one leads to an increase in the ligand concentration at the sensor surface, with a corresponding increase in the refractive index. This change in refractive index alters the SPR in an optically detectable manner. Binding is evaluated in arbitrary response units (RU), and a linear relationship exists between the mass of ligand bound to the dextran matrix and the RU observed. A signal of 1,000 RU corresponds to a surface concentration change of approximately 1 ng/mm
2 . An SA5 sensor chip (research grade; precoated with approximately 4,000 RU of streptavidin) was obtained from Pharmacia Biosensor. Synthesized target DNA fragments were subcloned into the KpnI-SacI site in pUC19. They were then biotinylated by PCR with primers 5Ј-GTAAAACGACGGCCAGT-3Ј and biotin-5Ј-CAGGAAACA-GCTATGAC-3Ј, located just outside the multicloning site in pUC19. Recombinant BarA (rBarA) was expressed and purified as described previously (19) . During the interaction between rBarA and DNA, 50 mM triethanolamine (TEA)-HCl (pH 7.0) containing 0.2 M KCl and 0.005% (vol/vol) Tween 20 was used as the running buffer. A 30-l sample (3.65 M rBarA in 50 mM TEA-HCl [pH 7.0]) containing 0.2 M KCl) was injected across the sensor surface on which the corresponding DNA fragment had been immobilized. All experiments were performed at 25°C. Control DNA used in this experiment and in gel shift assays was the PCR fragment containing only the multicloning site of pUC19 amplified with the above-mentioned primers.
Gel shift assay. The gel shift assay was carried out as described previously (10). The DNA-protein binding reaction was carried out with 250 pg of 32 P-labeled double-stranded fragments (10,000 to 20,000 cpm) and 1.1 g (final concentration, 2.92 M) of purified rBarA in 1ϫ binding buffer [50 mM TEA-HCl (pH 7.0) containing 0.2 M KCl, 10% (vol/vol) glycerol, and 1 g of poly(dI-dC) ⅐ poly(dI-dC)] in a total volume of 15 l. After incubation at 25°C for 2 min, autoregulators (final concentration, 150 M) were added, followed by a further 5-min incubation at 25°C. The reaction mixture was subjected to electrophoresis at 4°C on a high-ionic-strength gel containing 5% acrylamide and 0.167% N,NЈ-methylenebisacrylamide with 50 mM Tris-Cl (pH 8.5) containing 380 mM glycine and 2 mM EDTA as a running buffer. Gels were dried and subjected to autoradiography.
DNase I footprint analysis. DNase I footprint analyses were carried out with 45 l of the DNA-protein binding reaction mixture as described above. After incubation at 25°C for 5 min, 5 l of DNase I solution (100 mM MgCl 2 , 50 mM CaCl 2 ), with several different amounts of DNase I (1.5 to 0.1 U) purchased from Life Technologies Inc. (Rockville, Md.), was added to each reaction mixture, which was then incubated for 1 min at 25°C. DNase digestion was stopped by the addition of 400 l of DNase I stop solution (150 mM sodium acetate, 10 mM EDTA, 25 g of tRNA [Boehringer Mannheim Corp., Indianapolis, Ind.] per ml). Samples were then subjected to phenol extraction and ethanol precipitation. The resulting pellet was resuspended in 5 l of sequencing loading buffer and applied to a 6% polyacrylamide gel.
Nucleotide sequence accession number. Sequences shown in Fig. 1 have been assigned DDBJ, EMBL, and GenBank accession no. D3251.
RESULTS AND DISCUSSION
Identification of BAREs by the SPR technique, gel shift assay, and footprint analysis on barA and barB upstream regions. In a previous study (10), we found that the VB receptor BarA bound to both upstream regions of the barA and barB genes and regulated their expression depending on the presence of VB. We concluded that at least two BAREs are present in the barB upstream region: one in the 73-bp AgeIEheI region, and another in the 137-bp Nc137 fragment (NaeIStuI region in Fig. 1 ) containing the barB translation start codon. One BARE is also located in the 258-bp fragment immediately upstream of the barA translational start codon (Fig. 1) . To further localize BAREs, several fragments of 35 to 40 bp (PB01 to PB05) were synthesized from the two regions of the barB gene (Table 1) . PA01 was constructed on the basis of the sequence of the barA promoter region as a putative BARE, as judged from the homology of the sequence of the barB promoter region. The synthesized oligonucleotides were annealed with each complementary fragment and cloned into pUC19. Biotin was introduced into the fragments by PCR with a 5Ј-biotinylated universal primer, and the fragments were immobilized on the sensor chip of a BIAcore system (see Materials and Methods for detail). The biological interaction in SPR analysis was evaluated by the maximum increase of SPR signal attained during the association phase or by the level of signal slightly after the transition from association phase to dissociation phase. With strengthening of the interaction between the immobilized DNA and the free rBarA in the flow, the SPR signal increases more steeply in the association phase and reaches a higher level. When shifted from the association phase to the dissociation phase in which rBarA is absent, the signal drops suddenly and then decreases gradually. The first drop reflects the release of weakly bound rBarA, and the gradual decrease reflects the slow dissociation of tightly bound rBarA. The synthesized oligonucleotides PB01, PB02, PB04, and PA01 all showed steep increases and high maximum levels of SPR signal during the association phase, while PB03 and PB05 showed levels of response similar to that of control DNA. Furthermore, after being shifted to the dissociation phase, PB01, PB02, PB04, and PA01 showed high levels of tightly bound rBarA, as evident from the 1,300 to 2,000 RU of slow decreasingly SPR signal, while responses of PB03 and PB05 were negligible compared to that of the control DNA ( Fig. 2A) . Gel shift assays clearly confirmed BarA binding to the fragments as well as dissociation of BarA from the fragments in the presence of VB (Fig. 2B) . From the intensity of the shifted bands, PB01 and PA01 seemed to possess an affinity for BarA higher than those of other fragments (Fig. 2B) .
To precisely identify BARE, DNase I footprint analysis was also performed for the barA and barB promoter regions. When each 32 P-labeled fragment was incubated with various concentrations of DNase I in the absence and presence of BarA, BarA-dependent protection of regions ranging from 26 to 29 bp in length were evident (Fig. 3) . The BarA-protected regions derived from analyses of both coding and noncoding strands are listed in Table 2 . These regions were all A-T rich (41.4, 53.6, and 61.5% for BARE-1, -2, and -3, respectively), despite the high GC content of the Streptomyces genome, and all possessed partial inverted repeat elements. Fragments (PB01, PB04, and PA01) shown to bind with BarA by SPR analysis and gel shift assay contained the DNase I-protected regions BARE-1, -2, and -3, respectively ( Fig. 2 ; Tables 1 and 2) . Although PB02 was shown to bind with BarA, the corresponding region was not protected by BarA, probably because of the low affinity of the PB02 region toward BarA. Alternatively, binding of BarA to BARE-2 might prevent further access of BarA to the PB02 region. TSS of barA and barB. To clarify the BarA-dependent regulation mechanism as regards the BAREs, TSS were determined by either primer extension analyses or high-resolution S1 nuclease mapping. A single extension product of 58 nt from the C at position 1504 was detected for the barB transcript only when an autoregulator VB was present in the medium as the result of derepression by the VB (10) (Fig. 4A) . The barB TSS was present 21 bp upstream of the putative ribosome-binding sequence of AGGAGTT, although neither a typical Ϫ35 nor Ϫ10 sequence was found in the proper position from the TSS (Fig. 5) . BARE-1 corresponded to Ϫ22 to ϩ3 relative to the barB TSS. Therefore, we postulated that BarA represses the transcription of the barB gene in the absence of VB by interfering with the binding of RNA polymerase. The second BARE (BARE-2) in the barB upstream region was about 200 nt away from the TSS. Although the physiological function of BARE-2 is not clear, the double BAREs may coordinate the tight repression of the barB gene by BarA.
For the barA transcript, S1 nuclease mapping was used to determine the TSS because the primer extension experiment revealed no signal, probably due to extension inhibition by a putative secondary structure. Three adjacent barA transcripts were detected with RNA from a 10-h culture, corresponding to initiations at CGG residues located 40 to 42 bp upstream of the barA translational start codon ( Fig. 4B and 5 ). Typical transcriptional promoter sequences, namely, Ϫ10 (TATCTA) and Ϫ35 (TTGACA), were found at appropriate positions (Fig. 5) . On the other hand, with RNA from 12-h cultivation when S. virginiae produced an autoregulator VB, another transcript from an A residue further upstream was detected. This TSS lies in the middle of BARE-3, and no typical Ϫ35 or Ϫ10 sequence was detected. We demonstrated previously that barA had two modes of transcription; one was constitutive and VBindependent basal-level transcription, and the other was VBinduced transcription which was evident from the enhanced transcript with internally produced or externally added VB (10) . The result of S1 nuclease mapping suggested that the larger transcript, starting from the middle of BARE-3, was responsible for the VB-dependent enhancement of transcription.
These results indicated that the BarA binding, in the absence of VB to BAREs overlapping with transcriptional start sites, resulted in transcriptional repression of downstream genes. When the autoregulator VB is produced, it binds to BarA, thus forcing BarA to dissociate from BAREs. Hence, 
AAGATACATACCAACCGGTTCTTTTG ϩ a Lowercase letters indicate substituted residues; asterisks mark residues required for binding. The sequence of PB04 is from complementary chain compared to other probes. Gel shift assay with oligonucleotides containing BARE. In the rBarA row, a minus sign indicates that rBarA was omitted from the binding reaction and a plus sign indicates that 2.92 M rBarA was present. In the VB row, a minus sign indicates that VB was not added to the binding reaction and a plus sign indicates that 150 M VB was added. In all lanes, 125 pg of a 32 P-labeled DNA probe was electrophoresed. PB03, used as control DNA, showed no binding for BarA in SPR analysis.
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BarA-RESPONSIVE ELEMENT IN S. VIRGINIAE 5077 on May 1, 2016 by guest http://jb.asm.org/ the approach of RNA polymerase is enabled in order to initiate transcription. Nucleotides in BARE essential for BarA binding. To determine the essential nucleotides in BARE, several deleted or modified BAREs were synthesized based on the sequences of BARE-2 in the barB promoter, because BARE-2 showed the highest symmetry ( Table 2 ). The oligonucleotides (PB011 to PB01d) used as probes are listed in Table 1 . The affinity toward BarA was investigated by the SPR technique using a BIAcore system. The minimum length of BAREs was determined to be 19 bp of PB013 (Fig. 6A and Table 1 ). The affinity of PB011 and PB012 toward BarA was strong and almost equal to that of PB01. However, PB013 showed a slightly reduced affinity, as evident from the SPR profile at the dissociation stage starting from 460 (Fig. 6A) . Judging from the weak binding toward PB013 and the lack of binding toward PB12, BarA seemed to require consecutive A and T residues for sufficient binding to take place (marked with asterisks in Table 1 ).
Since BARE seemed to have palindromic structures with C as the center of symmetry (double underlined on PB01 or BAREs; Tables 1 and 2 tected on the probes covering the left half (PB11), the right half (PB13), or the mutant with disrupted symmetry at both edges (PB01d) (Fig. 6B) . With PB01c, a probe designed to form a complete palindrome by changing only 4 nt in the right half, BarA binding was significantly reduced (Fig. 6B) . These results suggested that the palindromic structure composed of A and T rows at both ends was required but not sufficient for recognition by BarA. In addition, the internal nucleotides substituted in PB01c were essential for recognition by BarA. Conservation of the inner sequences among BARE-1, -2, and -3 also seemed to indicate that these nucleotides are indispensable for BarA binding.
The binding characteristics of the above-mentioned fragments were investigated by gel shift assay. Probes PB01, PB011, PB012, and PB013 were all confirmed as capable of binding with BarA (Fig. 7) . The shifted band of PB011 and PB012 was strong, whereas that of PB01 was clear but weak. The shifted band of PB013 migrated only a little slower than did the free probe and produced smear bands as well. These results suggested that the affinity with BarA was strong in the case of PB011 and PB012, weaker with PB01, and quite reduced in the case PB013. The smear bands with PB013 are probably due to the specific binding with BarA, as evidenced by the fact that the shifted bands disappeared in the presence of VB. Other probes (PB11, PB12, and PB01d) showed no signs of specific BarA binding. This observation is in good agree- FIG. 7. Gel shift assay with oligonucleotides containing modified BARE. In the rBarA row, a minus sign indicates that rBarA was omitted from the binding reaction and a plus sign indicates that 2.92 M rBarA was present. In the VB row, a minus sign indicates that VB was not added to the binding reaction and a plus sign indicates that 150 M VB was added. In all lanes, 125 pg of a 32 P-labeled DNA probe was electrophoresed. ment with the results from the SPR analyses. The unknown band shown in PB11 and PB01d was judged to be nonspecific, because the mobility of the band was too small and the shift did not disappear in the presence of VB. Probe PB01c showed a very weak but definite BarA binding in SPR analysis (probably because of the high sensitivity of SPR analysis, which can detect even a faint interaction of BarA with the probe) but no specific retardation in the gel shift assay.
In Streptomyces species, 10 butyrolactone autoregulators classified into three groups (VB type, IM-2 type, and A-factor type) (3, 7, 13-16, 22, 25-28) have been identified, and three receptor proteins corresponding to the three types of autoregulators have been characterized (19, 20, 30) . The three receptors (VB receptor BarA, IM-2 receptor FarA, and A-factor receptor ArpA) show high overall homology, especially of the N termini where helix-turn-helix DNA-binding motifs are present. This finding suggests that similar DNA sequences may be recognized by these autoregulator receptors. Although artificial binding sequences for ArpA were screened from a random synthetic oligonucleotide pool by PCR amplification (21) , no genes containing the reported ArpA-binding sequences have been identified. In the case of FarA, an IM-2 receptor, the FarA-binding sequence was localized in the farA promoter region overlapping with the farA TSS (12) . The close alignment of BAREs, the FarA-binding sequence, and the artificial ArpA-binding sequences (although their physiological relevance is not clear at present) suggests that the binding sequences are all A-T rich, are only partially palindromic with A and T rows at both ends, and share several highly conserved residues ( Table 2 ). The well-conserved target sequence for autoregulator receptors as well as the wide distribution of autoregulators in Streptomyces suggest that transcriptional regulation involving BARE-like sequences is widespread in this genus.
